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Abstract 
New particle formation (NPF) occurs frequently in various atmospheric environments and contributes majorly to the 
aerosol number budget. In megacities, the high concentration of background aerosols adds uniqueness to this process. 
Based on long-term measurements (373 days) in urban Beijing, we examine the formation and growth of sub-3 nm 
particles under the impacts of background aerosols, as indicated by the condensation sink (CS, or the Fuchs surface 
area). The median CS and the median PM2.5 mass concentration for these days were 0.03 s-1 and 34 µg/m3, 
respectively. The high loss rate to background aerosols suppresses the survival of both molecular clusters and sub-3 
nm particles, thus reduces their atmospheric residence time. As the key clusters for H2SO4-base nucleation, sulfuric 
acid dimer and trimer concentrations in Beijing decrease significantly when CS increases and the scavenging becomes 
stronger. The formation of sub-3 nm particles and the occurrence of NPF events in Beijing is governed by CS. 96% 
of the observed NPF days occurred with the CS value below 0.03 s-1. During NPF events in Beijing, high 
concentrations of sub-3 nm particles were formed and they mostly ranged from 103 to 105 cm-3 with a median value 
of 6.3×103 cm-3. Driven by the fast H2SO4-base nucleation, the formation rate of 1.5 nm particles in Beijing with a 
mean value of 67 cm-3 s-1 is much higher than that in clean environments. However, the mean growth rate of sub-3 
nm particles in Beijing was only 2.7 nm/h, not significantly different from that in clean environments. The relatively 
low growth rate and the high scavenging by background aerosols result in a low survival of newly formed particles. 
Note that conventional methods to quantify the formation rate and the growth rate need to be corrected when 
analyzing data from megacities with strong coagulation scavenging due to background aerosols. The conventional 
balance formula underestimates the formation rate of 1.5 nm particles, while the conventional appearance time 
method overestimates the growth rate of sub-3 nm particles. These findings highlight the governing role of 
background aerosols in urban NPF. 
 
1 Introduction 
New particle formation (NPF) is a frequent phenomenon that has been observed in various atmospheric 
environments around the world1, 2. During an atmospheric NPF event, gaseous precursors form new particles via 
nucleation, as characterized by a significant increase in the concentration of sub-3 nm particles. After the growth, 
these new particles can contribute to the cloud condensation nuclei and hence impact the climate3, 4. They can also 
contribute to the aerosol surface area concentration and hence participate heterogeneous physicochemical processes 
in the atmosphere. Due to the coagulation scavenging by background aerosols, however, only a fraction of newly 
formed sub-3 nm particles survive and grow into larger ones. In polluted urban environments (often with high 
concentration of background aerosols), the scavenging rate is high. For instance, the coagulation loss rate of new 
particles in megacities such as Beijing5, 6 was reported to be approximately one order of magnitude higher than that 
in the Finnish boreal forest7. Background aerosols also suppress the survival of gaseous precursors and molecular 
clusters.  
The importance of atmospheric background aerosols to the formation and growth of sub-3 nm particles has been 
theoretically analyzed since decades ago8. The scavenging rate of precursors, clusters, and newly formed particles is 
usually characterized by the condensation sink (CS)9 or the Fuchs surface area (AFuchs)10 of background aerosols. CS 
and AFuchs can be readily converted into each other using an approximately constant ratio. These two parameters are 
size-independent. They can be readily used to calculate the scavenging rate of particles (species) with a known size. 
At a given growth rate for newly formed particles, CS (or AFuchs) determines their survival probability11-13, e.g., high 
CS would suppress their survival. Theoretically, sub-3 nm particles can be formed via nucleation, but may not grow 
fast and large enough to be detected by conventional aerosol instruments.  
Directly measuring the size distributions of atmospheric sub-3 nm particles is a key to characterize the impacts 
of background aerosols on their formation and growth. Developments of new aerosol instruments extended size 
distribution measurement to the sub-3 nm size range14-17. In megacities such as Beijing, high concentrations of sub-
3 nm particles often occur during NPF events, which benefits their size distribution measurements18-20 compare to 
clean environments such as Tibet21 and the Finnish boreal forest17. During a short-term campaign in Beijing using 
new instruments, AFuchs was found to be the governing factor for the occurrence of NPF19. Based on a following long-
term measurements, Cai et al.22 quantified the impacts of CS on H2SO4-amine nucleation, the dominant mechanism 
in Beijing, and Deng et al.20 revealed the governing role of atmospheric temperature in driving the seasonal variation 
of the formation of 1.5 nm particles.  
In addition, a high concentration of background aerosols poses challenges to quantify the formation rate and the 
growth rate of new particles from measured aerosol size distributions. Conventional methods developed using data 
from clean environments may underestimate or neglect the strong coagulation scavenging effect encountered in 
polluted urban environments. For instance, Cai and Jiang18 found that the formation rate of 1.5 nm particles in Beijing 
is underestimated by the commonly used formulae and derived an improved formula. A following study23 showed 
that the conventional appearance time method overestimates the growth rate of sub-3 nm particles and reported a 
corrected method. Similar challenges can be encountered when analyzing data from chamber studies24. Long-term 
size distributions of atmospheric sub-3 nm particles help to further evaluate these challenges and the new methods.  
In this study, we examine the impacts of background aerosols on the formation and growth of sub-3 nm particles 
in polluted urban environments. Long-term aerosol size distributions down to ~1 nm obtained in Beijing during 2016 
and 2018-2020 are analyzed. Mass concentrations of fine particles (PM2.5) and concentrations of sulfuric acid and its 
clusters are used to complement the analysis. We discuss the impacts of background aerosols on atmospheric 
residence time of molecular clusters and newly formed particles. The governing role of CS on the occurrence of NPF 
events and the formation of sub-3 nm particles in urban environments is revealed. We confirm that conventional 
methods need to be corrected to properly quantify the formation rate and the growth rate, i.e. two key parameters for 
characterizing NPF, when the coagulation scavenging effect is strong. 
2 Data used in the analysis 
Atmospheric measurements covering totally 373 days were conducted at two sites in urban Beijing. A short-term 
campaign18, 19 was carried out at Tsinghua University during Mar 7 – Apr 6, 2016. Long-term measurements were 
conducted at the west campus of Beijing University of Chemical Technology20, 22, 25 during Jan 16 – May 17 and Oct 
19 – Dec 26, 2018, Jan 1 – Mar 28, and Jul 19 – Dec 31, 2019. Details of these two sites and measurement techniques 
can be found in the cited references. Here, we present them briefly. The aerosol size distributions in the range of 1 
nm – 10 µm were measured using a home-made diethylene glycol scanning mobility particle spectrometer 
(DEG-SMPS; 1 – 6.5 nm)14, 16 and a particle size distribution spectrometer (PSD; 3 nm – 10 µm)26. DEG-SMPS was 
equipped with a specially designed miniature cylindrical differential mobility analyzer16, 27 for classifying sub-10 nm 
particles and a core sampling device28 for improving their sampling efficiency. Concentrations of sulfuric acid and 
its clusters were measured using nitrate chemical ionization-time of flight mass spectrometers (CIMS; Aerodyne 
Research Inc.)19, 25, 29. PM2.5 mass concentrations for these periods are from the Wanliu national monitoring station30 
that is close to these two sites. All the measured days were classified into NPF days, undefined days, and non-NPF 
days according to the criteria reported previously20. 
3 Results and Discussion 
We shall first clarify the notion of background aerosols before discussing their impacts on NPF in megacities. 
In previous literatures, background aerosols, or named pre-existing aerosols, were usually referred to as large particles 
that scavenge newly formed particles and they were usually measured by conventional aerosol instruments. These 
instruments are not effective in measuring the size distributions of sub-3 nm particles. However, the coagulation 
among newly formed sub-3 nm particles (self-coagulation) also causes a net loss in their concentration and this can 
be important for some analysis24, 31. Now with direct measurements down to the cluster size using new aerosol 
instruments, there is no natural criterion in the size to distinguish newly formed particles and large particles. To 
minimize this ambiguity, we refer to aerosols existing in the atmosphere before the occurrence of NPF events as pre-
existing aerosols in contrast to newly formed particles. Background aerosols are referred to all the measured aerosols 
in the following discussions and CS (and AFuchs) is calculated using aerosol size distributions down to ~1.3 nm. This 
is because the coagulation between a given particle and any other particle contributes to the sink of this given particle, 
which is consistent with the calculation of particle formation rate using the balance formula18 and the correction of 
particle growth rate23. Note that the diameter reported in this study refers to the electrical mobility diameter which is 
~0.3 nm larger than the corresponding geometric diameter32, 33. 
3.1 Atmospheric residence time 
The coagulation scavenging by the high concentration of background aerosols in polluted urban environments 
significantly suppresses the survival of newly formed sub-3 nm particles. For these 373 days in Beijing, the CS values 
ranged from 0.002 to 0.2 s-1 and the median was 0.03 s-1 (Fig. 1a). PM2.5 mass concentration in Beijing correlated 
with CS very well (r = 0.75)19. The median PM2.5 concentration during these days was 34 μg/cm3 (Fig. 1b). The 
median CS values for NPF days and non-NPF days were 0.009 s-1 and 0.045 s-1, respectively, corresponding to PM2.5 
concentrations of 10 μg/cm3 and 60 μg/cm3, respectively. Note that the median CS value for NPF days in Beijing is 
even higher than that for non-NPF days in clean environments such as the Finnish boreal forest (0.007 s-1)7.  
Considering the scavenging by background aerosols, the residence time of particles smaller than 1.5 nm was 
estimated to be mostly below 5 min on NPF days in Beijing (Fig. 1c). On non-NPF days, the residence time is even 
shorter. The residence time increases rapidly with an increase in particle size because the coagulation loss rate of a 
particle is inversely correlated to its size with a power of approximately -1.734. Therefore, the coagulation scavenging 
significantly affects the nucleation and initial growth processes for sub-3 nm particles in comparison to subsequent 
growth process (Fig. 1d). This also highlights the importance of directly measuring the size distributions of 
atmospheric sub-3 nm particles when studying NPF in polluted urban environments.  
Fig. 1 
The high scavenging rate of newly formed sub-3 nm particles in polluted urban environments demands the 
revisit to the nucleation theory. In the classical nucleation theory, condensation and evaporation boosted by the Kelvin 
effect are considered as the governing processes for the cluster dynamics. A critical cluster size for a nucleating 
system can be derived according to the phase equilibrium between condensation and evaporation. Once a cluster 
exceeds the critical cluster size, the condensation rate is higher than the evaporation rate and this cluster is considered 
as stable and also as a new particle. Various nucleation theories have been proposed, yet most of them implicitly 
assume that evaporation is the main limiting process35. However, the coagulation scavenging by background aerosols 
also influences the phase equilibrium. Because of the coagulation scavenging, the equilibrium between condensation 
and evaporation can never be reached in real atmospheric conditions. Instead, it may occur at a steady state between 
the mass gains of new particles due to condensation and the mass losses due to evaporation and the coagulation 
scavenging. The same applies for molecular clusters. As a result, both evaporation and the coagulation scavenging 
limit the concentration of new particles and clusters. Under the high CS in polluted urban environments, when a 
cluster exceeds the critical size, even though it is stable against evaporation, the coagulation scavenging still governs 
its survival (Fig. 1d).  
3.2 Cluster concentrations 
Measured concentrations of H2SO4 and its clusters confirm that they are limited by the scavenging to background 
aerosols in polluted urban environments. As shown in Fig. 2a, CS governs the concentration of H2SO4 dimers, the 
cluster containing two H2SO4 molecules and any number of other molecules. At a given H2SO4 monomer 
concentration, H2SO4 dimer concentration decreases with an increasing CS. This is because the loss to background 
aerosols is a major sink of H2SO4 clusters in Beijing. Similarly, a negative dependency of H2SO4 trimer concentration 
on CS is also observed at a given formation rate of H2SO4 trimers (Fig. 2b). 
Fig. 2 
The differences between the concentrations of H2SO4 clusters measured in Beijing and those measured in 
chamber experiments also support the significant impact of background aerosols in polluted urban environments. At 
the H2SO4 monomer concentration of ~107 cm-3, H2SO4 dimer and trimer concentrations measured in Beijing were 
~5×105 cm-3 and < 1×105 cm-3, respectively. In contrast, H2SO4 dimer and trimer concentrations measured in the 
Cosmics Leaving OUtdoor Droplets (CLOUD) chamber experiments36 at a similar H2SO4 monomer concentration 
were ~2×106 cm-3 and ~6×105 cm-3, respectively. These differences in H2SO4 cluster concentrations are mainly 
attributed to the high scavenging rate in Beijing in comparison to the low loss rate in CLOUD chamber. Although 
there are differences in other factors such as amine concentration and temperature between Beijing and CLOUD 
chamber experiments22, they are not sufficient to explain the differences in measured H2SO4 cluster concentrations 
because H2SO4 dimer and trimer are considered to be stable against evaporation37, 38. After taking uncertainties into 
account, theoretically predicted H2SO4 dimer and trimer concentrations with properly considering the scavenging 
effect by background aerosols agree well with the measured concentrations in Beijing22. 
It should be clarified that the apparent dependency of H2SO4 cluster concentrations on CS shown in Fig. 2 also 
convolves the impact from variations in the concentration of amine such as dimethylamine, the other key nucleating 
precursor in addition to H2SO4. Previous studies22, 39 showed that the clustering of H2SO4 and dimethylamine governs 
the formation of new particles in megacities such as Shanghai and Beijing. When other conditions are fixed, H2SO4 
cluster concentrations increase with an increase in amine concentration40, 41. In Beijing, amine concentration appears 
to positively correlate with CS, i.e. it is higher when there are more background aerosols22. As a result, the impact of 
an increasing CS on H2SO4 cluster concentrations in Beijing is partially cancelled out by the simultaneously 
increasing amine concentration. However, amine concentration is saturated with respect to the formation of H2SO4 
dimer when it exceeds ~5 ppt40, i.e. further increasing amine concentration does not increase the formation rate and 
cluster concentrations significantly. As a result, the apparent dependency of H2SO4 cluster concentrations on CS is 
theoretically stronger at a high CS value than at a low CS value, consistent with the observed dependency in Fig. 2. 
3.3 Sub-3 nm particle concentrations and occurrence of NPF events 
Both the number concentration of sub-3 nm particles and the occurrence frequency of NPF events in Beijing 
support that they are limited by the coagulation scavenging of background aerosols (Fig. 3). As shown in Fig. 3a, 
there is a negative correlation between CS and sub-3 nm particle concentration. When CS is low, frequent NPF events 
occur and sub-3 nm particle concentrations are often high, i.e. mostly in the range of 103-105 cm-3 with a median 
value of 6.3×103 cm-3. When CS is high, sub-3 nm particles are suppressed with their concentrations mostly below 
103 cm-3 and a distinguishable NPF event is rarely observed. During NPF days in Beijing, note that sub-3 nm particle 
concentrations measured by the DEG-SMPS are similar to those measured by a particle size magnifier (PSM)17. They 
are also similar to those in other megacities such as Shanghai and Nanjing and higher than those in clean environments 
such as the Finnish boreal forest42. During non-NPF days in Beijing, however, PSM still reported elevated 
concentrations17 even though sub-3 nm particle concentrations measured by the DEG-SMPS were significantly lower 
(Fig. 3a).  
The concentration of newly formed particles must exceed the concentration of pre-existing aerosols, so that 
distinguishable NPF events can be observed and identified. We used the 10th percentile of the concentration of 
nucleation mode particles (sub-25 nm) to indicate a low limit of pre-existing aerosol concentration. As shown in Fig. 
3a, measured sub-3 nm particles in Beijing exceeds pre-existing aerosols mainly when CS is lower than ~0.03 s-1.  
Fig. 3 
Among the 373 days measured in Beijing, NPF events occurred on a total of 121 days. In addition, there were 
53 undefined days. When CS is lower than ~0.01 s-1, most of the measured days are NPF days (Fig. 3b). When CS 
was higher than ~0.03 s-1, non-NPF days are dominant and NPF days are rarely observed. When CS decreases from 
0.03 s-1 to 0.01 s-1, the observed NPF days increase. For this transition range of CS, there is a mixture of NPF days, 
undefined days, and non-NPF days. The 50% frequency of NPF days corresponds to a CS value of ~0.02 s-1. Note 
that these threshold values are consistent to the value (~0.02 s-1) previously reported for urban Beijing based on a 
short-term campaign19. 
Under the high CS in polluted urban environments, the coagulation scavenging governs the survival of clusters 
and newly formed particles and hence determines whether distinguishable NPF events will be observed or not. 
Despite the significant difference in CS during NPF days and non-NPF days in Beijing, the daily maximum 
concentration of the key nucleating precursor H2SO4 has no obvious differences during NPF days and non-NPF days19, 
20. The other key nucleating precursor dimethylamine correlates well with CS and often has higher concentrations 
during non-NPF days in comparison to NPF days20, 22. Thus, H2SO4 and amine are still effectively clustering with 
each other during non-NPF days. Because of the high CS on non-NPF days, however, the atmospheric residence time 
of molecular clusters and newly formed particles is very short (Fig. 1c). This short residence time together with the 
low growth rate of sub-3 nm particles in Beijing, i.e. rarely exceeds 6 nm/h, leads to that most of the clusters formed 
by the acid-base clustering process and most newly formed particles are scavenged by background aerosols before 
they grow large enough and still have significant quantities to be measured such that distinguishable NPF events can 
be identified on these days. 
3.4 Quantifying the formation rate of sub-3 nm particles 
All the measured aerosol size distributions during NPF periods were used to evaluate the conventional43 and 
improved18 population balance formulae for quantifying particle formation rate (J). Several upper size limits were 
used. The formation rates of 1.5 nm particles calculated using different formulae are referred as JC,25, JC,10, JK,25, and 
JK,3. The former two were calculated using the improved formula while the latter two were calculated using the 
conventional formula. The number in the subscript of J indicates the upper size limit (in nm) used for the estimation. 
In these formulae, coagulation sink term (CoagSnk) characterizes the coagulation scavenging. One example of 
CoagSnkC,10 is shown in Fig. 4a together with the corresponding formation rate JC,10. Details of these formulae and 
their differences can be found in the cited reference18.  
Fig. 4 
The calculated formation rate in Beijing is governed by coagulation sink term, especially during intensive NPF 
events. This is due to the high concentrations of background aerosols including newly formed small particles in these 
polluted environments. As show in Fig. 4a, the ratio of CoagSnkC,10 to JC,10 is ~1 in Beijing. This indicates that from 
the population balance point of view, most of the new particles are scavenged by coagulation while only a minor 
proportion of them survive and further grow into larger ones. Hence, CoagSnk needs to be carefully quantified when 
estimating J for polluted urban environments using a population balance method. At a given level of background 
aerosols, small particles (e.g. sub-3 nm) usually contribute more significantly to CoagSnk than large ones. This is 
because small particles have higher diffusivity and often higher number concentration during NPF periods. As a result, 
the estimated J value is not sensitive to the upper size limit for a certain particle size range. As illustrated previously18, 
the upper size limit should be chosen such that the growth flux through the upper size limit and the impact of other 
sources of particles (e.g. primary emission) in the selected size range are both negligible compared to the value of J. 
Figs. 4a and 4d show a good agreement between JC,10 and JC,25, i.e. with the upper size limit of 10 nm and 25 nm, 
respectively. The absolute and relative differences between them for this long-term dataset are 0.4 cm-3 s-1 and 2%, 
respectively. Fig. 4d also shows that before the NPF period (around 8 am), those pre-existing particles in the size 
range of 10 to 25 nm can be mistaken as new particles when using the upper size limit of 25 nm. However, this does 
not cause a noticeable difference between JC,25 and JC,10. 
The conventional formula underestimates J during intensive NPF events due to the underestimation of CoagSnk. 
When calculating CoagSnk using the conventional formula, the diffusivities of particles in the selected size range are 
approximated by the diffusivity of the particle at a representative size, for which the geometric mean size of the 
selected size range is often used43. Due to the significant size dependency of particle diffusivity, such an 
approximation usually underestimates CoagSnk and hence J. Other differences between the improved and 
conventional formulae have been elaborated previously18. As indicated in Figs. 4b and 4d, JK,25 calculated from the 
conventional formula is significantly lower than JC,10 and JC,25 during intensive NPF events (J is high). In contrast, 
JK,25 is averagely close to JC,10 during weak and moderate NPF events (J < 10 cm-3 s-1) when CoagSnk is not the 
governing term of J.  
The above analysis using the long-term dataset in Beijing confirms that although the approximation in the 
conventional formula does not cause significant uncertainty for clean environments with low J, one should use the 
improved formula for polluted environments. Reducing the upper size limit from 25 nm to 3 nm for the conventional 
formula improves the estimation of J, especially during intensive NPF events (Figs. 4b and 4c). This is because the 
deviations caused by the representative-size-approximation are reduced when using a narrow size range (1.5-3 nm) 
than a wide size range (1.5-25 nm). As shown in Figs. 4c and 4d, however, JK,3 with the upper size limit of 3 nm still 
underestimates the formation rate of 1.5 nm particles. 
3.5 Quantifying the growth rate of sub-3 nm particles 
The high CS in polluted urban environments also affects the estimation of particle growth rate. This long-term 
dataset in Beijing was used to evaluate the conventional44 and corrected23 appearance time methods for quantifying 
the growth rate of sub-3 nm particles. As shown in Fig. 5, the conventional appearance time method non-negligibly 
overestimates the growth rate from 1.5 to 3 nm (GR1.5-3). This is because the appearance time is determined by the 
source and sink of particles at a given size, while the sink herein includes both particle condensation growth and 
coagulation sink. However, the conventional appearance time method was proposed based on clean environments 
with negligible coagulation scavenging. The mean coagulation sink of 1.5 nm particle for this long-term dataset in 
Beijing is ~2.5×10-3 s-1, which corresponds to an average overestimation in GR1.5-3 by 0.7 nm/h when using the 
conventional appearance time method. As shown in Fig. 5, the overestimation by the conventional method becomes 
more significant when CS increases. In contrast, such an overestimation appears to be negligible in clean 
environments due to their low CS.  
Fig. 5 
In addition, other methods such as the mode fitting method43, 45 have also been used for quantifying particle 
growth rate. Each method has its advantages in certain scenarios. Results from different methods don’t necessarily 
agree with each other, especially when analyzing atmospheric data. For instance, Deng et al.20 showed that GR1.5-3 in 
Beijing calculated by the corrected appearance time method is 2~3 times higher than that by the mode fitting method. 
The inherent fluctuations in the atmosphere add challenges in analyzing field data in comparison to those from 
chamber experiments. On the other hand, cautions should be taken on whether sinks such as wall deposition in 
chamber experiments46 (besides the coagulation sink corrected here) may affect the estimation using the appearance 
time method. Nevertheless, the corrected appearance time method is more suitable for atmospheric sub-3 nm particles 
than the mode fitting method since there is often no peaks in their size distributions as needed by the fitting method. 
3.6 The formation rate and the growth rate of sub-3 nm particles in Beijing 
Intensive NPF events with high formation rates are frequently observed in Beijing. The mean and median values 
of the daily maximum formation rates of 1.5 nm particles (JC,10) for this long-term dataset are 67 and 28 cm-3 s-1, 
respectively. 18% of the measured daily maximum formation rates exceed 100 cm-3 s-1 and one NPF event even has 
the JC,10 value greater than 1000 cm-3 s-1. Calculated using the corrected appearance time method, the growth rates of 
sub-3 nm particles in Beijing are mostly below 6 nm/h (Fig. 5). The mean and median GR1.5-3 values are 2.7 and 2.4 
nm/h, respectively. These growth rates are not significantly different from those in the Finnish boreal forest47. 
However, the formation rates in Beijing are 1-2 orders of magnitude higher than those in clean environments2, 48, 
which compensates the low survival of newly formed sub-3 nm particles in polluted urban environments. 
4 Summary 
The high concentration of background aerosols in megacities affects new particle formation in various aspects. 
This study quantitatively investigated these effects based on long-term atmospheric measurements (373 days) in 
urban Beijing. The median condensation sinks during these days and only new particle formation days were 0.03 s-1 
and 0.009 s-1, respectively. This high concentration of background aerosols governs the survival of molecular clusters 
and newly formed sub-3 nm particles, thus the occurrence of new particle formation events. In Beijing, most new 
particle formation events occurred when condensation sink was below 0.03 s-1. When condensation sink increases, 
the concentrations of H2SO4-base clusters and sub-3 nm particles decrease significantly despite that the key 
nucleating acid and base precursors are at a similar level or even increase.  During days without new particle 
formation events, the atmospheric residence time of sub-3 nm particles is usually below 5 min because of the high 
condensation sink with a median value of 0.045 s-1.   
Despite of the high concentration of background aerosols, intensive new particle formation events driven by the 
acid-base nucleation happen frequently in Beijing. Among these 373 days, 47% of them were identified as new 
particle formation days and undefined days. The mean formation rate of 1.5 nm particles was 67 cm-3 s-1, which is 
more than one order of magnitude higher than that in clean environments. During these events, high concentrations 
of sub-3 nm particles were formed and they mostly range from 103 to 105 cm-3. The mean particle growth rate from 
1.5 nm to 3 nm was 2.7 nm/h, which is not significantly different from that in clean environments. Although the high 
scavenging by background aerosols and the relatively low growth rate result in a low survival of newly formed 
particles, it is compensated by the high formation rates in Beijing.  
In addition, we confirmed that improved methods should be used to quantify the formation rate and the growth 
rate of sub-3 nm particles when there is a strong coagulation scavenging due to background aerosols. The 
conventional balance formula underestimates the formation rate of 1.5 nm particles due to underestimating the 
coagulation sink term. The conventional appearance time method overestimates the grow rate of sub-3 nm particles 
because of mistaking the coagulation sink as the condensation growth. 
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Figure 1. Formation and growth of new particles in the presence of the high background aerosol concentration in 
megacities such as Beijing. (a) Frequency density of condensation sink (CS) with a temporal resolution of 5 min 
during the measurement period (373 days) in Beijing, where the total area of the columns is 1. The value of CS was 
calculated using measured size distributions of particles down to ~ 1.3 nm. (b) Frequency density of PM2.5 mass 
concentration with a temporal resolution of 1 h during the 373 days in Beijing, where the total area of the columns is 
1. (c) Atmospheric residence time of particles as a function of their size under the real atmosphere CS values for NPF 
days and non-NPF days, respectively, in Beijing. Only the data during 9:00 – 14:00 are used in (a), (b), and (c). The 
residence time herein refers to the period needed for the concentration of a given aerosol population to decay to 1/e 
of its initial value due to the coagulation scavenging by background aerosols larger than the given aerosols, while 
particle growth is not considered. The solid lines show the median CS on NPF and non-NPF days. The shaded areas 
between dashed lines indicate the residence time of aerosol under the 25th (lower) and 75th (upper) percentiles of CS. 
The 25th and 75th percentiles of CS are 0.006 and 0.13 s-1 on NPF days, and 0.027 and 0.064 s-1 on non-NPF days. (d) 
A conceptual figure for the scavenging of gaseous precursors, clusters and particles by background aerosols during 
nucleation and growth processes.  
  
Figure 2. Influence of the condensation sink (CS) on the concentrations of H2SO4 dimers (a) and trimers (b). A H2SO4 
dimer or trimer refers to a cluster containing two or three H2SO4 molecules and any number of other molecules. The 
subscript of (H2SO4) indicates the number of H2SO4 molecules containted in each H2SO4 cluster/molecule. The 
circles are the raw data with a 5-min time resolution. The horizontal axis of (a) and (b) is proporational to the 
production rate of H2SO4 dimers and trimers, respectively. The diamond markers and the vertical lines denote the 




Figure 3. (a) The number concentrations of sub-3 nm particles and (b) the frequencies of NPF, undefined and non-
NPF days under different condensation sink values in urban Beijing. The Fuchs surface area is also as a horizontal 
axis and its ratio to the condensation sink is approximately equal to a constant10. The dash line in (a) represents the 
10th percentile of sub-25 nm aerosol concentrations during non-NPF periods on both NPF and non-NPF days in each 
condensation sink bin. The temporal resolution of the data shown in (a) is 5 min while the average condensation sink 
during 9:00 – 14:00 is used in (b). Due to the averaging, the measured condensation sink in (b) spans over a narrower 
range than that in (a). Only the data between 9:00 and 14:00 is used because nucleation usually occurs around noon 
when H2SO4 concentration is around its daily maximum.  
  
 
Figure 4. The comparison between formation rates of 1.5 nm particles calculated using the conventional balance 
formula (JK) and using the improved formula (JC). Note that the numbers in the subscript of J indicate the upper limit 
of the chosen size range for the population balance assumption. CoagSnkC,10 denotes the coagulation sink term for 
estimating JC,10. Only the formation rates during NPF periods (identified for each event) are presented in (a), (b) and 
(c). The aerosol size distributions shown in (d) are the median distributions on intensive new particle formation days 




Figure 5. The comparison between particle growth rates from 1.5 nm to 3 nm (GR1.5-3) calculated using the 
conventional and corrected appearance time methods. GR1.5-3 was determined as the harmonic mean of size-
segregated growth rates ranging from 1.5 to 3 nm. The NPF days on which the measured temporal evolution of 
aerosol size distributions was significantly influenced by other sources or sinks, e.g. primary emissions and transport, 
were excluded. The colors indicate the mean condensation sink between the time when 50% of the maximum 
concentration of 1.5 nm particles was reached and when 50% of the maximum concentration of 3 nm particles was 
reached. The dashed line is a 1:1 line to guide eyes.  
